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ABSTRACT

An analysis is presented of simulated ENSO phenomena occurring in three 1000-yr experiments with a low-
resolution (R15) global coupled ocean—atmosphere GCM. Although the model ENSO is much weaker than the
observed one, the model ENSO'’s life cycle is qualitatively similar to the *‘delayed oscillator” ENSO life cycle
simulated using much higher resolution ocean models. Thus, the R15 coupled model appears to capture the
essential physical mechanism of ENSO despite its coarse ocean model resolution. Several observational studies
have shown that the amplitude of ENSO has varied substantially between different multidecadal periods during
the past century. A wavelet analysis of a multicentury record of eastern tropical Pacific SST inferred from 6¥O
measurements suggests that a similar multidecadal amplitude modulation of ENSO has occurred for at least the
past three centuries. A similar multidecadal amplitude modulation occurs for the model ENSO (2—7-yr band),
which suggests that much of the past amplitude modulation of the observed ENSO could be attributable to
internal variability of the coupled ocean—atmosphere system. In two 1000-yr CO, sensitivity experiments, the
amplitude of the model ENSO decreases slightly relative to the control run in response to either a doubling or
quadrupling of CO,. This decreased variability is due in part to CO,-induced changes in the model’s time-mean
basic state, including a reduced time-mean zonal SST gradient. In contrast to the weaker overall amplitude, the
multidecadal amplitude modulations become more pronounced with increased CO,. The frequency of ENSO in
the model does not appear to be strongly influenced by increased CO,. Since the multidecadal fluctuations in
the model ENSO’s amplitude are comparable in magnitude to the reduction in variability due to a quadrupling
of CO,, the results suggest that the impact of increased CO, on ENSO is unlikely to be clearly distinguishable
from the climate system ““noise” in the near future—unless ENSO is substantially more sensitive to increased
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CO, than indicated in the present study.

1. Introduction

An intriguing feature of El Nifio/Southern Oscillation
(ENSO) has been its substantial variation in amplitude
during the past century. Analysis of historical obser-
vations of SST indicate that El Nifio had relatively high
amplitude during the period 1885-1915, followed by a
few decades of relatively low amplitude (1915-1950),
followed by a return to higher amplitudes since about
1960 (Gu and Philander 1995; Wang and Ropel ewski
1995; Rasmusson 1993, personal communication).
Trenberth and Shea (1987) found evidence for similar
multidecadal fluctuations in the prominence of the
Southern Oscillation, based on historical sealevel pres-
sure observations. These multidecadal changesin ENSO
are clearly evident in atime series of observed SST (2—
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7 yr filtered) for the NINO3 region (Fig. 1b), based on
COADS data (Pan and Oort 1990). Similarly, a four
century time series of normalized NINO3 region SST
from our coupled GCM (Fig. 1a) shows substantial fluc-
tuations in amplitude on a multidecadal timescale. In
this report, these multidecadal-scale fluctuations in
ENSO amplitude are investigated, including their im-
plication for climate change detection. Severa inves-
tigators have begun using historical and paleoclimatic
proxy records extending back beyond the past century
to search for variations in both the frequency (or return
interval) and amplitude of ENSO on multidecadal to
century timescales (e.g., Michaelsen 1989; Enfield and
Cid S. 1991; Diaz and Markgraf 1992; Dunbar et al.
1994; Diaz and Pulwarty 1994). In the present study,
the paleo-SST record of Dunbar et al. (1994) is used to
provide a longer-term perspective on ENSO’s modula-
tion behavior in comparison to our model.

Given that the amplitude of ENSO—and possibly its
frequency—have varied substantially in the past for still
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Normalized 2-7 year filtered SST (NINO3 region)
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Fic. 1. Normalized timeseries of 2—7 yr filtered SST anomalies for the region 4°N—-4°S, 150°-90°W (which is approx-
imately the ““NINO3 region’) based on (a) R15 coupled GCM control run, years 1-400; or (b) observed SSTs from
COADS (Pan and Oort 1990). The data were normalized by dividing by the standard deviation. The temperature anomaly
scale (°C) appropriate to each time series is shown on the right-hand side of each diagram.

undetermined reasons, it is important to begin to ex-
amine whether a CO,-induced global warming could
have an important impact on ENSO. As a further mo-
tivation, Zebiak and Cane (1987, 1991) have found that
the amplitude and frequency of their model’s ENSO can
be altered by changing parameters affecting the strength
of atmosphere—ocean coupling. One can speculate that
during ENSO episodes in a CO,-warmed climate, the
much larger atmospheric moisture content and evapo-
ration rates would allow for enhanced moisture con-
vergence and condensational heating anomalies over the
tropical Pacific, which could act to strengthen the at-
mospheric component of the oscillation.

Therefore, concerning the relationship of ENSO to
CO,-induced global warming, the following questions
can be posed:

1) Could a CO,-induced global warming lead to an in-
crease in the amplitude of ENSO?

2) How would the frequency of ENSO change with
increased CO,?

3) Could the climate enter a‘* permanent El Nifio’ state
due to increased CO,?

4) How does the “‘natural variability’” of ENSO’s am-
plitude compare to the impact of increased CO,?

These questions (particularly 1, 2, and 4) are ad-

dressed in this report, using three 1000-yr simulations
of a global coupled ocean—atmosphere general circu-
lation model (GCM). Concerning question 3 (the pos-
sibility of a ““permanent El Nifio”’ state), Knutson and
Manabe (1995) did not find evidence for such aresponse
in their coupled GCM, even with a quadrupling of CO.,.
Rather, a quadrupling of CO, in their model produced
a ~1°C reduction in the east-west SST contrast in the
tropical Pacific as compared with a much larger (4°—
5°C) overall warming of the region. ENSO-like fluc-
tuations continued to occur about the modified mean
state, although they were slightly weaker in the warmer
climate (Knutson and Manabe 1994).

Since the preliminary study of ENSO’s response to
increased CO, (Knutson and Manabe 1994), further
analysis has revealed that our model’s ENSO is quali-
tatively more realistic than has been recognized previ-
ously. This result, presented in section 3, is important
because it implies that the model contains the essential
physical mechanism of ENSO despite the coarse reso-
lution required for multicentury integrations. (The term
““model ENSO”’ is used when discussing the ENSO-like
phenomenon in the model, recognizing that while the
model’s phenomenon has deficiencies as a simulation
of ENSO, it also has a considerable degree of realism,
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asdiscussed in thisreport.) In section 4, wavelet analysis
(Gu and Philander 1995) is used to document a sub-
stantial modulation of ENSO’s amplitude on a multi-
decadal timescale, both in the model and observations,
with the latter inferred from a multicentury 6O proxy
record of eastern equatorial Pacific SST (Dunbar et al.
1994). In section 5, the sensitivity of the model ENSO
to increased CO, is examined primarily using spectral
analysis and running standard deviation plots. The
wavelet and running standard deviation techniques play
complementary roles in the analysis. For instance, the
wavelet technique is particularly well-suited for resolv-
ing the amplitude modulation behavior on a variety of
different timescales, since its window width varies as a
function of thetimescale. On the other hand, therunning
standard deviation technique is particularly useful for
smoothing out the multidecadal amplitude modulation
“noise’”’ to reveal the multicentury-scale CO,-induced
““signal,” since amuch wider window can be used (com-
pared to the wavelet technique) for a comparable loss
of data due to end effects. In Knutson and Manabe
(1994), only the running standard deviation technique
(with a 100-yr window) was used, since the focus there
was specifically on the longer timescale (e.g., CO,-in-
duced) changesin ENSO. However, as aresult, the mul-
tidecadal amplitude modulation behavior of the model
was not clearly apparent, as it is in the present study.

Three 1000-yr experiments are available for analysis
in the present study. The availability of such long cou-
pled GCM simulationsis a unique aspect of the analysis,
which provides two important advantages: (i) the in-
ternally generated multidecadal amplitude modulations
of the model’s ENSO are well-sampled and can thus be
meaningfully compared with ENSO’s amplitude vari-
ability as inferred from historical observations or pa-
leoclimate proxy records; and (ii) the long simulation
allows a modest CO,-induced signal to be identified in
the model despite the presence of substantial *‘noise”
resulting from the multidecadal amplitude modulation.
In contrast, previous analyses of the impact of increased
CO, on ENSO using coarse-resolution coupled climate
models have relied on much shorter simulations. For
example, Meehl et al. (1993) compared results obtained
from a 15-yr integration period with doubled CO, and
a simulation with the normal CO, concentration (1 X
CO,), whereas Tett compared results from two 75-yr
simulations during which CO, was either increasing at
1% per year (compounded) or constant at 1 X CO.,.
Thus, the 1000-yr coupled model simulations provide
a unique perspective on both the CO,—ENSO sensitivity
issue and on the multidecadal to century timescale vari-
ations of ENSO frequency and amplitude inferred from
historical and paleoclimate records.

2. Description of model, experiments, and data
preparation

The coupled ocean—atmosphere model and experi-
mental design used here are described in Manabe and
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Stouffer (1994), and references therein. Briefly, the at-
mospheric component is a global nine-level GCM, with
horizontal distributions of variables represented in both
spectral (rhomboidal truncation at zonal wavenumber
15) and gridpoint (7.5° long. by 4.5° lat. computational
grid) domains. The ocean component isaglobal 12-level
gridpoint GCM with 3.75° long. by 4.5° lat. resolution
and a 50-m thick top layer. The model has interactive
clouds and seasonally varying solar insolation.

The initial condition for the time integration of the
coupled model has realistic seasonal and geographical
distributions of surface temperature, surface salinity,
and sea ice, with which both the atmospheric and oce-
anic model states are nearly in equilibrium. When the
time integration of the coupled model starts from this
initial condition, the model drifts toward its own equi-
librium state, which differs from the initial condition
described above. To reduce this drift from a realistic
initial condition, the interfacial fluxes of heat and water
obtained from the atmospheric component of the cou-
pled model are modified by given amounts before these
are imposed upon the ocean surface (Manabe et al.
1991). Since the flux adjustments are determined prior
to the time integration of the coupled model and are not
correlated to the transient surface anomalies of tem-
perature and salinity, in alinear sense they are unlikely
to either systematically amplify or damp the anomalies.
[Lau et al. (1992) found ENSO-like fluctuations similar
to those described here using a similar model but with
no heat flux adjustment, indicating that the model’s
ENSO appears in the absence of heat flux adjustment.]
Obviously, these flux adjustments do not eliminate the
shortcomings of the model physics, including the effect
of these deficiencies on the simulated ENSO. However,
the adjustments do prevent the rapid drift of the sim-
ulated state from the realistic initial condition, which
otherwise could seriously distort the results of a nu-
merical experiment. For example, if tropical SSTswere
allowed to drift by several degrees from the observed
initial condition, the evaporative damping of SST anom-
alies during model ENSO events would be substantially
changed, possibly distorting the model’s ENSO phe-
nomenon.

Three 1000-yr experiments from this model serve as
the primary source of model data for this analysis. The
control experiment has constant CO, throughout. In the
4 X CO, experiment, CO, increases at 1% yr—* com-
pounded until it quadruples (140 years), then remains
fixed at four times the initial level for the remaining
860 years. In the 2 X CO, experiment, the CO, con-
centration increases at 1% yr—* compounded to 2 X CO,
over 70 years, then remainsfixed at twiceitsinitial level
for the remaining 930 yr. Due to resource constraints,
some of the analyses (particularly those requiring many
model variables) are limited to 200-yr integration seg-
ments, rather than the full 1000 yr. However, for ex-
aminations of CO,-induced changes in variability or
multidecadal amplitude modulations (where signal-to-
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noise issues are of greatest concern), model datasets of
820 to 1000 yr in length are used.

The model datafor the regression and CO, sensitivity
analysesin sections 3 and 5 were bandpass-filtered using
filters designed following Hamming (1977, chapter 7).
Except as noted, results are based on a 2—7 yr bandpass
filter with response >0.5 at periods from 21 to 89
months and >0.9 from 22 to 75 months. A second pe-
riod range (8-15 yr) was examined separately for some
analyses. For the 8-15 yr filter, the response was >0.5
at periods from 90 to 210 months and >0.9 from 110
to 150 months. In Knutson and Manabe (1994), the 2—
15 yr band was analyzed, effectively combining the two
bands considered separately in this analysis. The ra-
tionale for examining the 2—7 and 8-15 yr ranges sep-
arately will be discussed in section 4. In the present
study, some calculations using a high-pass (<21 mo)
filter are also referred to; in this case the mean seasonal
cycle was removed from the data before filtering.

The primary multicentury observational record of
ENSO used in this study is the Galapagos coral 60O
record of Dunbar et al. (1994). This dataset is believed
to be a useful proxy record of annual mean eastern
Pacific SST over the past 350+ years. It is particularly
useful for this study given that changesin the amplitude
and frequency of ENSO on multidecadal to multicentury
timescales are to be examined. Thirteen missing points
in the annual -resol ution 620 record werefilled by linear
interpolation, including an eight-year section from 1954
to 1961. Data after 1961 (UR-87) were adjusted by add-
ing 0.4%o following Dunbar et al. Although only the
Galapagos coral record is used in the present analysis,
other long-term ENSO-sensitive climate indicesare also
available (Diaz and Pulwarty 1994) and could be in-
corporated in a future study.

3. Description of the model’s ENSO
a. Life cycle description

An important step in a model-based investigation of
ENSO is an evaluation of the model’s ability to simulate
various observed aspects of ENSO. The SST fluctua-
tions for the model’s ENSO are much weaker than those
observed. For example, the standard deviation of 2—7-yr
filtered SST for the NINOS3 region (Fig. 1) is 0.24°C
for the model, or 46% of the observed value (0.52°C)
based on COADS data (Pan and Oort 1990) for the past
century. The failure to simulate a realistic ENSO am-
plitude is a problem common to several other coarse-
grid coupled GCMs (Meehl 1990; Lau et al. 1992;
Meehl et al. 1993; Tett 1995; Neelin et al. 1992). None-
theless, in this section the life cycle of the model’'s
ENSO is examined in order to assess whether at least
the essential physical mechanism of ENSO is captured
in the model.

Life cycles of the model ENSO are constructed using
lagged linear regression analysis of 2—7 yr bandpass-
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filtered datafrom years 1-200 of the control experiment.
The reference SST index for the regression analysisis
an area-average of SST over theregion 7°N-7°S, 173°E—
120°W, which is the area of maximum interannual SST
variability in the model’s equatorial Pacific. The ocean
heat content anomalies discussed in this section are de-
fined as the vertically integrated temperature anomaly
over depths of 51 to 595 m. The heat content is inte-
grated over a deeper layer of the ocean than in some
previous modeling studies (e.g., Philander et al. 1992)
since the thermocline is more diffuse in the tropical
Pacific of our model than in the real world or in higher
resolution ocean models. The top model layer is not
included in the vertically integrated heat content anom-
alies, since it is examined separately (i.e., the SST life
cycle). The term ‘“heat content propagation’ is used to
describe the apparent movement (or phase propagation)
of heat content anomalies over time.

Figure 2 shows the regression of subsurface ocean
heat content anomalies versus the SST index for lags
of —24 monthsto +24 months at three-month intervals.
Figures 3 and 4 show the corresponding regression re-
sults for SST and equatorial ocean temperature as a
function of depth, respectively. The sequence of maps
in Figs. 2-4 represents a ‘‘life cycle’ of the model
ENSO in the sense that it depicts the time evolution of
various model fields for a ‘‘composite’” model event.
The oceanic component of the life cycle is emphasized
here (Figs. 2—4). A subset of the atmospheric component
of the life cycle (surface winds, precipitation, and heat
balance) will be discussed in section 5, and a map of
the correlation between sea level pressure and the SST
index (>2 yr filtered model data) is shown in Knutson
and Manabe (1994).

The life cycle (Figs. 2—4) begins arbitrarily at atime
of relatively cool (LaNifia) SST conditionsin the central
equatorial Pacific (Fig. 3a; lag —24 months) with two
positive heat content (depressed thermocline) anomalies
centered off-equator (16°N and 10°S) in the western
tropical Pacific (Fig. 2a). In the extreme eastern Pacific
is aregion of negative heat content anomalies centered
on the equator (Fig. 2a). The region of positive heat
content anomalies in the west expands eastward along
the equator (Figs. 2b—e; lags —21 to —12 months), as
the region of negative heat content anomalies in the
eastern Pacific splitsinto two separate regionsstraddling
the eguator. At lag —9 to —3 months (Figs. 2f-h), pos-
itive heat content anomalies become well-established
throughout the central to eastern equatorial Pacific, now
accompanied by substantial positive SST anomalies in
the central Pacific sector (Figs. 3g—h). The SST regres-
sion pattern at this stage resembles Rasmusson and Car-
penter’'s (1982) Mature Phase composite. However, the
relatively small SST anomalies in the extreme eastern
Pacific during the model’s SST lifecycle indicate that
the model ENSO'’s SST variability is too small in the
eastern Pacific compared with typical (though not all)
observed events (Rasmusson and Carpenter 1982).
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Ocean Heat Content

a) —24 months g) —6 months m) +12 months

VAR

n) +15 months
7

1208

180 150w

1508 120W

< .
N D

120E 150E 180 150W 120W 90w

1204

150W

2
180

120E 150E oW

Fic. 2. Heat content anomaly life cycle, based on lagged regression of 51-595-m vertically integrated heat content anomalies vs SST
(averaged 7°N-7°S, 172.5°E-120°W). Data are 2—7-yr bandpass-filtered time series from years 16-185 of the control run. Contour interval:
50 m; values greater than 50 m or less than —50 m have dark and light shading, respectively. The lag in months for each panel is displayed
above the appropriate panel.
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Sea Surface Temperature
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Fig. 3. Asin Fig. 2 but for SST at all points vs SST (7°N-7°S, 173°E-120°W). Contour interval: 0.2 (dimensionless); values greater than
0.2 or less than —0.2 have dark and light shading, respectively.
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Fic. 5. Coherence-squared spectrum for SST (7°N-7°S, 173°E—
120°W) vs ocean heat content (11°S, 174°E; 51-595-m vertically
integrated) for years 1-200 of the control experiment. Each estimate
plotted is based on a sum of eight adjacent calculable frequencies
(nonoverlapping rectangular window). The time series were prefil-
tered by removing the mean seasonal cycle and linear trend. Points
lying above the dashed line are significantly different from zero at
the 0.01 significance level.
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Coupled model ENSO simulations using a much higher
resol ution ocean model (Philander et al. 1992) al so show
much higher SST variability in the eastern Pacific than
occurs in our model. The substantial warm SST anom-
alies at lag —12 to —6 months (Figs. 2e—g) are asso-
ciated with a pattern of wind stress curl (not shown)
which begins, viaEkman pumping, to cause an elevation
of the thermocline off-equator in the western Pacific
(Figs. 3e—g). This sets the stage for the later onset of a
““cold event,” which will eventually terminate thewarm
event in progress (see also Chao and Philander 1993).
Meanwhile, the event reaches its peak warming phase
(lags —3 to +3 months), with pronounced SST anom-
alies and strong east—west contrast in heat content anom-
aies (Figs. 2, 3h+). In the termination phase (Figs. 2,
3k-n; lags +6 to +15 months), the negative heat content
anomalies in the west propagate eastward along the
equator to the eastern Pacific, and the warm SST anom-
alies are replaced by cool anomalies along the equator.
The heat content anomaly patterns during the life cycle
are qualitatively similar to those obtained in an ENSO
simulation using a much higher-resolution ocean model
forced by observed winds (Chao and Philander 1993;
Fig. 8).

Figure 4 shows the evolution of ocean temperature
regression anomalies along the equator as a function of
depth. The results show that substantial ocean temper-
ature anomalies are not limited to the top (50 m) model
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ocean layer, but extend downward afew hundred meters
into the ocean. The warm SST anomalies in the centra
Pacific at lag —9 months (Fig. 4f, Fig. 3f) appear to
originate from subsurface warm anomalies in the west-
ern equatorial Pacific (Figs. 4a—e; lags —24 to —12
months), which appear to propagate upward and east-
ward to meet the surface by lag —9 months (Fig. 4f).
This feature of the model ENSO life cycle is consistent
with an analysis of ocean perturbations during El
Nifio/La Nifia obtained using a much higher resolution
ocean model forced with observed winds (Goddard
1995). After becoming established at the surface, the
temperature (i.e., SST) anomalies intensify but remain
almost stationary with only a slight westward propa-
gation evident at the surface (Figs. 4f—k; Figs. 3f—;
lags —9 to +6 months). Thus, although the model’s
ENSO appears to be aimost a standing oscillation when
viewed in terms of the SST anomalies (Fig. 3), in fact
the subsurface temperature perturbations (i.e., thermo-
cline perturbations) display extensive propagation
around the tropical Pacific basin during the life cycle
(Figs. 2, 4), afeature that will be discussed further later
in this section. It is this ocean subsurface evolution that
provides the *“memory’’ in the system for the model’s
ENSO (e.g., Chao and Philander 1993). In the central
equatorial Pacific, where the subsurface perturbations
become exposed at the surface, the quasi-stationary SST
signature of the model’'s ENSO is seen.

b. Coherence between surface and subsurface
temperature fluctuations

In this section cross-spectral analysisis used to assess
the statistical significance of the association between
SST and the subsurface temperature perturbationsin the
model, and to estimate timescales over which the re-
lationship is most coherent. The resulting coherence
spectrum between time series of central equatorial Pa-
cific SST and western tropical Pacific subsurface heat
content in the model is shown in Fig. 5. The results
shown are based on a 200-yr segment of the R15 control
run, using the SST for the region 7°N-7°S, 173°E-
120°W versus ocean heat content (51 to 595 m) for the
region 11°S, 174°E. (Similar results are obtained using
ocean heat content series from other locations in the
western Pacific.) The statistical significance is assessed
according to the procedure of Julian (1975). The co-
herence spectrum indicatesthat SST and subsurface heat
content are significantly correlated on timescales of
about 3 to 15 yr, with a maximum coherence between
5 and 6 yr. At periods of two years and less, the co-
herence generally does not exceed the 0.01 significance
level except for a few isolated peaks (e.g., near 14

—

Fic. 4. Asin Fig. 2 but for ocean temperature (averaged 2°N—2°S) as a function of depth (meters) and longitude vs SST (7°N-7°S, 173°E—~
120°W). Contour interval: 0.2 (dimensionless); values greater than 0.2 or less than —0.2 have dark and light shading, respectively.
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months). For the life cycle, the focus is on the 2—7-yr
band rather than the 2-15-yr band (despite the high
coherence for periods up to 15 yr) for reasons which
will be elaborated in section 4. However, the anomaly
patterns in the life cycle obtained using 8-15-yr filtered
data are similar to those shown in Figs. 2—4, except the
anomalies have a slightly greater meridional extent, and
the time lag between different stages of the life cycle
is longer (i.e., the phase propagation is slower).

¢. Subsurface evolution during individual events

The evolution of heat content anomalies for individ-
ual model ENSO events during a period of the control
integration is depicted in time-longitude format in Fig.
6. Anomalies are shown for both the equator (middie
panel) and 11°S (repeated on the left and right panels).
Similar results are obtained using 11°N rather than 11°S.
For this diagram, longitudes have been reversed on the
two (identical) 11°S panels so that a signal that prop-
agates eastward along the equator then back westward
at 11°S will appear as a continuous strip running from
upper left to lower right on the diagram. In several
eventsin Fig. 6, a signal can be traced through such a
complete circuit of the basin (e.g., years 70-80). Thus,
in some cases in the model, the off-equatorial anomalies
in the western basin appear to be linked to a propagating
feature coming from the eastern boundary of the basin.
However, in other cases the westward propagating fea-
ture at 11°S can be quite indistinct in the eastern part
of the basin (e.g., years 110-120), or the equatorial
feature is difficult to trace back to an earlier westward
propagating anomaly (e.g., year 120).

The heat content evolution in Fig. 6 can be compared
with the **delayed oscillator’ life cycle as described by
Schopf and Suarez (1988) or with a coupled model sim-
ulation of ENSO using a model very similar to ours but
with a much higher-resolution ocean component (Phi-
lander et al. 1992; see also Chao and Philander 1993).
Eastward phase propagation along the equator is a fea-
ture of Fig. 6 also seen in these higher-resolution ENSO
models. In all the models there is evidence for strong
off-equatorial thermocline perturbations in the western
tropical Pacific. There is some evidence for off-equa-
torial westward phase propagation in all the models,
although there are differences among them in the details
of this feature. For example, Schopf and Suarez note
that in their model, substantial westward propagating
signalsoriginate not at the eastern boundary of the ocean
basin but from the central part of the basin (via wind
stressanomalies), a process which they termed ** coupled
reflection.” Philander et al. (1992) found pronounced
off-equatorial westward phase propagation of heat con-
tent in the eastern Pacific, but these features did not
appear to propagate across the entire basin. In our mod-
el, off-equatorial thermocline perturbations propagate
westward across the basin, but only for some of the
events. Whether this feature of our model is important
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to the simulated ENSO remains to be seen. It may rep-
resent occasiona phase-locking of a westward propa-
gating feature with an otherwise ongoing model ENSO
event. We conclude that whilethere are somedifferences
in detail between the models, the evolution of ther-
mocline perturbations during our model’s ENSO isqual-
itatively similar to that obtained using much higher-
resolution ENSO models.

d. Interpretation of the model’s ENSO phenomenon

Based on model results shown in Figs. 2—6, we in-
terpret the model’s ENSO as probably more closely re-
lated to the ‘“delayed oscillator’” mechanism (e.g.,
Schopf and Suarez 1988; Graham and White 1988; Bat-
tisti and Hirst 1989) than to the westward propagating
*“SST mode” of Neelin (1991). This assessment isbased
on the following characteristics of the model ENSO: (i)
the systematic basin-wide propagation of subsurface
heat content anomalies (Figs. 2, 4, 6); (ii) the very lim-
ited phase propagation of SST anomalies (Figs. 3, 4);
and (iii) the strong statistical association between the
propagating subsurface temperature anomalies and the
quasi-stationary SST anomalies (Figs. 2-5). The strong
association between subsurface and surface anomalies
during the model ENSO indicates that subsurface ocean
dynamics (i.e., subsurface ocean ‘‘memory’’) plays an
important role in our coupled model’s phenomenon, as
it apparently does for the real ENSO (Chao and Phi-
lander 1993).

The interpretation of the model’s ENSO in terms of
the “‘delayed oscillator’” mechanism differsfrom earlier
assessments (e.g., Neelin 1991; Chao and Philander
1993) in which it has been suggested that the GFDL
R15 model phenomenon can be interpreted as an SST
mode. [In a subsequent study, Jin and Neelin (1993)
demonstrated using simple coupled models that the de-
layed oscillator is a mixture of SST and ocean dynamics
modes; in that regard, the point we wish to suggest is
that the R15 coupled model is in Jin and Neelin's
““mixed SST/ocean dynamicsmode’” regime, rather than
the pure SST mode limit.] In the earlier assessments,
westward propagation of SST anomalies on the 2—4-yr
timescale, as noted by Lau et al. (1992) for a similarly
constructed R15 coupled model, was cited as evidence
for the SST mode interpretation. We have also found,
based on time-longitude diagrams of bandpass-filtered
SST (not shown), that westward phase propagation oc-
curs frequently in our model on the 2—4-yr timescale,
although events with eastward propaga